There is evidence that the default mode network (DMN) functional connectivity is impaired in Alzheimer's disease (AD) and few studies also reported a decrease in DMN intrinsic activity, measured by the amplitude of lowfrequency fluctuations (ALFFs). In this study, we analyzed the relationship between DMN intrinsic activity and functional connectivity, as well as their possible implications on cognition in patients with mild AD and amnestic mild cognitive impairment (aMCI) and healthy controls. In addition, we evaluated the differences both in connectivity and ALFF values between these groups. We recruited 29 controls, 20 aMCI, and 32 mild AD patients. To identify the DMN, functional connectivity was calculated by placing a seed in the posterior cingulate cortex (PCC). Within the DMN mask obtained, we calculated regional average ALFFs. Compared with controls, aMCI patients showed decreased ALFFs in the temporal region; compared with AD, aMCI showed higher values in the PCC but lower in the temporal area. The mild AD group had lower ALFFs in the PCC compared with controls. There was no difference between the connectivity in the aMCI group compared with the other groups, but AD patients showed decreased connectivity in the frontal, parietal, and PCC. Also, PCC ALFFs correlated to functional connectivity in nearly all subregions. Cognitive tests correlated to connectivity values but not to ALFFs. In conclusion, we found that DMN connectivity and ALFFs are correlated in these groups. Decreased PCC ALFFs disrupt the DMN functional organization, leading to cognitive problems in the AD spectrum.
Introduction

D
ementia due to Alzheimer's disease (AD) is a complex clinical condition that affects the brain in different levels, such as molecular functioning, neurotransmitter systems, and anatomic and functional organization, leading to problems in cognition, behavior, and social independence. Amnestic mild cognitive impairment (aMCI) is thought to be a possible prodromal AD, in which patients have objective memory problems, with little-to-no impairment in social and occupational independence.
Recently, increasing attention has been given to the use of functional magnetic resonance imaging (fMRI) to explore the normal functional organization of the brain, as well as in neurologic diseases, such as AD. The functional analysis of a brain ''at rest,'' that is, without a specific external experimental stimulus (rsfMRI), can inform us about intrinsic brain activity, as well as the level of synchronization of different cerebral regions (functional connectivity). Intrinsic brain activity, measured by the amplitude of low-frequency fluctuations (ALFFs) in BOLD signals, which are usually between 0.01 and 0.08 Hz, concerns the fluctuations in neural activity across time, while functional connectivity describes the linkage between the neural activities of different regions across spatially distinct parts of the brain (Northoff, 2013) .
Among the rsfMRI approaches used to study the brain, the functional connectivity analysis is the most widely reported (Brier et al., 2012; Song et al., 2013; Xia et al., 2014) . Many studies have shown that functional connectivity in the default mode network (DMN) is impaired in AD patients (Agosta et al., 2012; Greicius et al., 2004; Xia et al., 2014) , probably contributing to cognitive and clinical symptoms (Balthazar et al., 2014; Weiler et al., 2014) . The function of DMN is not completely understood, but is generally considered a distributed system for self-related cognitive activity that is activated when a person is not focused on activities directed to the external environment (Buckner et al., 2008; Menon, 2011) . Also, the key anatomical regions of DMN, which include the precuneus, posterior cingulate cortex (PCC), inferior parietal, hippocampus, and medial prefrontal cortex, may have an important role in episodic memory, a cognitive function invariably disrupted in AD.
Although being a relatively new technique, the ALFF analysis throughout the brain has also brought some interesting results (yet controversial). For example, for MCI subjects, parietal regions can have either decreased (Zhao et al., 2014) or increased values. Temporal regions are mostly described as having lower values in these patients (Zhao et al., 2014) , but are also reported to have the opposite pattern Wang et al., 2011) , and the same happens to the frontal regions (Han et al., 2011; Wang et al., 2011; Zhao et al., 2014) . For AD patients, in turn, the studies bring mainly decreased ALFF values for all analyzed areas (Liu et al., 2014b; Xi et al., 2012) . It is interesting to note, also, that the areas that comprise the DMN are reported as having the highest ALFF values in controls at rest (Zuo et al., 2010) , and the ones that are mostly affected in AD patients (Liu et al., 2014b) .
The single-level evaluation of the DMN, however, does not permit us to conclude from which network subregion the breakdown in connectivity comes from (Zang et al., 2007) . Also, one may suppose that as long as the BOLD signal varies similarly for two regions-even when both are decreased or increased-the correlation between those two regions will remain. In other words, those regions may be synchronized but with pathologic intrinsic activation, and it is within this context that the ALFF measures can shed some light in fMRI research.
Many studies have investigated the DMN synchrony (connectivity) and a few others have explored the DMN intrinsic activity (ALFFs) but, as far as we know, none have explored the relationship between them in AD and aMCI. Recent studies, for instance, have reported an overlap between changes in regional ALFFs and functional connectivity in several brain regions in stuttering (Xuan et al., 2012) and seasonal affective disorder subjects (Abou Elseoud et al., 2014) , which supports a relationship between ALFFs and functional connectivity. In this study, we aimed to explore the differences in DMN regional spontaneous activity, measured by ALFFs, between aMCI subjects, mild AD patients, and healthy elderly subjects, and to examine its relationship with connectivity. To best evaluate the regional differences, we divided DMN into four subregions: the ventromedial prefrontal cortex, medial parietal cortex (PCC + precuneus), inferior parietal lobe, and medial temporal lobe. We also aimed to analyze the possible correlations between global cognition and episodic memory performance of these groups with DMN intrinsic activity and functional connectivity.
Methods
Subjects
Participants were recruited in the Neuropsychology and Dementia outpatient clinic of the Universidade Estadual de Campinas (UNICAMP) University Hospital. Eighty-one subjects were evaluated in this study: 29 healthy elderly subjects (controls), 20 aMCI patients, and 32 mild AD patients. Experienced attending doctors and neuropsychologists made the diagnosis of the AD patients according to the National Institute of Aging and Alzheimer's Association criteria for a diagnosis of probable AD (McKhann, 2011) . Examination of each subject included medical history, neurological examination, neuropsychological and neuropsychiatric assessment, Clinical Dementia Rating (CDR) (Morris, 1993) , a Hachinski ischemic score £ 4, and standard laboratory tests, including B12, folate, and thyroid hormone levels, and syphilis serology. The study included only AD patients who were classified as CDR 1. aMCI patients were diagnosed using the core criteria of the National Institute of Aging/Alzheimer's Association for MCI (Albert et al., 2011) . All aMCI participants had a CDR score of 0.5 (with an obligatory memory score of 0.5). This classification was performed using a semistructured interview.
Controls were identified as cognitively normal: they did not exhibit any neurological or psychiatric disorders or require psychoactive medication; they demonstrated normal Mini Mental State Examination (MMSE) scores, considering age and education (Brucki et al., 2003) ; and their structural images were without any abnormalities. Memory complaints or neurological deficits were not observed in the control group.
Exclusion criteria for all subjects included the following: a history of other neurological or psychiatric diseases or a head injury with loss of consciousness, use of sedative drugs in the last 24 h before the neuropsychological assessment, drug or alcohol addiction, prior chronic exposure to neurotoxic substances, and a Hachinski ischemic score of > 4. This study was approved by the Medical Research Ethics Committee of UNICAMP, and written informed consent (either from the subjects or from their responsible guardians, if incapable) was obtained from all participants before study initiation, according to the Declaration of Helsinki.
Neuropsychological evaluation
An experienced neuropsychologist, who was blinded to MRI data, performed the neuropsychological evaluations. Global cognitive status was measured using the MMSE (Brucki et al., 2003; Folstein et al., 1975) and episodic memory was evaluated by the Rey Auditory Verbal Learning Test (RAVLT) (subitems: encoding, delayed recall, and recognition) (Malloy-Diniz et al., 2007) . Visual perception was assessed with subtests of Luria's neuropsychological investigation (Christensen, 1975) . Evaluation of language included the Boston naming test (Kaplan et al., 1983) , verbal fluency for category (animals), and phonologic fluency (FAS) (Christensen and Guilford, 1959) . We assessed constructive praxis with the Rey-Osterrieth complex figure test (Osterrieth, 1944) ; executive function with the trail making test A and B, the Stroop color-word test (congruent and incongruent) (Stroop, 1935) , and the clock drawing test (Sunderland et al., 1989) ; and working memory with the forward and backward digit span subtest of the Wechsler Adult Intelligence Scale (WAIS) (Wechsler, 1987) .
RsfMRI data acquisition
All imaging was performed on a 3.0 T Philips Achieva MRI scanner. Foam padding was provided for comfort and to minimize head motion. Functional MR images were acquired while at rest; subjects were instructed to keep their eyes closed, to avoid initiating goal-directed, attentiondemanding activity during the scanning sessions, and to remain awake. The following protocol was applied to each subject: (1) ). All subjects underwent MRI scanning in the same week that neuropsychological assessment was performed.
Functional connectivity analysis
Functional images were preprocessed by applying slicetime and motion correction algorithms and by removing linear trends. Data preprocessing also included smoothing, with a 6-mm full width at half maximum (FWHM), and bandpass filtering (0.01-0.08 Hz). For spatial normalization, structural images were first linearly registered to the MNI152 (standard space) with a 12-parameter affine transformation. The resulting image was again registered to the MNI152 space, now using a nonlinear warping algorithm. Functional data was initially registered to the structural image using a 6-parameter affine transformation, and then warped to standard space using the transformations calculated for the structural image. Six movement parameters (three translational and three rotational) were included as nuisance regressors aiming to directly correct to head motion noises. Also, participants were instructed to keep their eyes closed, relax, and move as little as possible. Foam pads were used to reduce head movements and scanner noise. The global signal time series of the cerebrospinal fluid and white matter were also included in the model, increasing the regression power to confounding signal components that arise from physiological events. All of these steps were performed using AFNI (http://afni.nimh.nih.gov/afni) and FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) software.
To identify the DMN, seed-based functional connectivity was calculated by placing a seed in the posterior cingulate cortex (0, À51, 15; MNI; seed radius = 3 mm). The PCC has already been reported as a key node of the DMN (Greicius et al., 2003) and used as a seed region previously (Weiler et al., 2014; Wells et al., 2013) . Specifically, for each subject, the average time course of voxels within this seed was extracted to generate a reference time-series. Each time series was then correlated with all the voxels within the brain for each subject. Subsequently, r-scores of each voxel were then transformed using Fisher's r-to-z method, so that these data could be used in parametric statistical analyses to obtain whole cortical statistical z-score maps.
To calculate the DMN z-average, we used a mask of DMN based on our control subjects' statistical maps (z-score). These images were created according to the study methodology, with a seed placed on the PCC. All maps were used to create an average image that was smoothed (FWHM = 6 · 6 · 6 mm 3 ) and binarized using a minimum threshold of 0.3 (z-score value). This template was used as reference to define the DMN regions of each volunteer and to extract their average connectivity values. The volunteer's connectivity maps were not thresholded and all voxels with positive connectivity scores (higher than zero) that overlapped with the DMN template were included to calculate the average values. Additionally, the binarized DMN template was divided into four distinct subregions: the ventromedial prefrontal cortex, medial parietal cortex (PCC + precuneus), inferior parietal lobe, and medial temporal lobe; for this analysis, these subregions are referred to as ''frontal,'' ''PCC,'' ''parietal,'' and ''temporal'' subregions, respectively. These DMN subregion masks were used to overlap each statistical map and to calculate the average z-score value to each defined DMN region (Fig. 1) .
ALFF analysis
The ALFF preprocessing was performed with FSL processing tools, by using the script from the 1000 Functional Connectomes Project (www.nitrc.org/projects/fcon_1000). The preprocessing routine was based initially on the removing of the image spikes, removing of very low and high frequencies (0.01-0.08 Hz), linear-trend removing, spatial smoothing (FWHM = 6 mm), and scaling to the grand mean, which aimed to put all time series on a common scale. The time series were transformed to frequency domain using fast Fourier transform (parameters: taper percent = 0, fast Fourier transform length = shortest) to obtain the signal power spectrum. Then, this power spectrum was square-rooted and then averaged across 0.01-0.08 Hz at each voxel. ALFFs were calculated as the sum of the amplitudes in the low-frequency band. Subsequently, these data were transformed to z-score maps and normalized to standard space (MNI152) (Zuo FIG. 1 . Default mode network (DMN) subregion mask used to overlap each statistical map and to calculate the average z-score amplitude of low-frequency fluctuations (ALFFs) and functional connectivity measures. Dark blue corresponds to the ventromedial prefrontal cortex; purple corresponds to the medial parietal cortex (PCC + precuneus); green corresponds to the inferior parietal lobe; and red corresponds to the medial temporal lobe. et al., 2010). The same DMN mask described previously was used to calculate regional average z-score ALFFs of DMN and its subregions.
Statistical analysis
Statistical data analysis for functional connectivity and ALFF z-values of DMN subregions between groups, demographic and neuropsychological evaluation, and significance of correlations was performed using SPSS (version 20; SPSS, Inc., Chicago, IL) software. We first performed the Kolmogorov-Smirnov test to determine normality and as our data did not follow a normal distribution, we performed nonparametric tests. To examine the relationship between both functional analyses, we performed simple linear regressions between functional connectivity and ALFF z-values for each of the DMN subregions. At this stage, to increase our data variance, all individuals were combined into one unique group (normal aging, aMCI, and AD groups). In addition, simple linear regressions were performed among the MMSE and RAVLT (subitems: encoding, delayed recall, and recognition) scores, functional connectivity, and ALFF z-values. Results were considered to be statistically significant when p < 0.05. mild AD patients in the sample. There were no differences across groups regarding age, years of education, and gender. aMCI patients performed worse than controls, and mild AD patients performed worse than healthy controls and aMCI patients in all tests.
Results
Demographics and neuropsychological evaluation
ALFF z data
Compared with the healthy elderly subjects, the aMCI patients exhibited significantly decreased ALFF z-values in the temporal region ( p = 0.012). Compared with the AD patients, the aMCI patients exhibited greater values in the PCC region ( p = 0.007) but lower ALFF z-values in the temporal region ( p = 0.005). Only the mild AD group PCC exhibited a significantly lower standardized ALFFs when compared with control ( p = 0.007) ( Table 2) . Distribution of ALFF z-values across the three groups is demonstrated in Figure 2 .
Functional connectivity data
There was no significant difference between the connectivity in the aMCI group compared with controls, nor in the aMCI group compared with mild AD patients. The frontal ( p < 0.001), the PCC ( p = 0.004), and parietal ( p = 0.014) regions in mild AD patients showed decreased connectivity with the seed region when compared with the control group ( Table 3) . Distribution of functional connectivity data across the three groups is demonstrated in Figure 3 .
Relationship between functional connectivity and ALFF values
Significant results were observed mainly in the PCC subarea. For example, PCC ALFF z-value correlated to the frontal connectivity (r = 0.289, p < 0.05), to the parietal connectivity (r = 0.272, p < 0.05), and, as expected, to the PCC connectivity (r = 0.487, p < 0.001). Among the other subregions, also the parietal region showed a correlation between its ALFF z-value and the PCC (r = 0.297, p < 0.01) and parietal connectivities (r = 0.221, p < 0.05). No other subregion ALFF z-value correlated to any other subregion functional connectivity.
Relationship between cognitive performance and ALFF values
Simple linear regressions failed to show any statistically significant association between any score of the cognitive tests (MMSE and RALVT subitems: encoding, delayed recall, and recognition) and ALFF values.
Relationship between cognitive performance and functional connectivity values
Simple linear regressions showed a statistically significant association between the scores of the MMSE (r = 0.281, p < 0.05) and RALVT subitems encoding (r = 0.323, p < 0.001), delayed recall (r = 0.256, p < 0.05), recognition (r = 0.278, p < 0.05), and frontal connectivity values. Temporal region connectivity was correlated to RAVLT subitems encoding (r = 0.320, p < 0.001) and recognition (r = 0.237, p < 0.05). PCC connectivity was associated with RAVLT encoding subitem (r = 0.266, p < 0.05). Please see Figure 4 for individual-group behavior.
Discussion
This study aimed to explore the differences in regional intrinsic activity (ALFFs) throughout DMN subregions between aMCI patients, mild AD patients, and controls, and to examine its relationship to the functional connectivity. We also aimed to analyze whether the memory performance and cognitive global status of our subjects were more related to DMN ALFFs or with functional connectivity values. Regarding the ALFF analysis, our results can be described as follows: (1) aMCI patients had lower values than controls in the temporal region and, surprisingly, lower than mild AD patients as well; (2) in the PCC region compared with both controls and aMCI. Regarding functional connectivity data, (3) the aMCI group showed no significant difference compared with controls, nor with AD patients; (4) mild AD patients exhibited decreased connectivity in the frontal, parietal, and PCC regions compared with controls; and (5) MMSE and memory scores were not related to ALFF values, but only to the level of connectivity between regions (in which the connectivity between the frontal region with the PCC showed association with memory and MMSE tests). Based on these results, we can state that DMN connectivity problems in AD are associated with decreased functional activity in the medial parietal (''PCC'') region. In the present study, the aMCI group showed significantly decreased ALFF values in the temporal region compared with the healthy elderly group, which likely reflects the neurophysiological alterations widely known to occur in this region, such as neurofibrillary tangles (Thangavel et al., 2009 that mild AD patients present a compensatory mechanism that increases the activity of the remaining neurons in the medial temporal region, which does not happen in the aMCI phase. Though not statistically significant, it is also interesting to note that aMCI patients exhibited greater ALFF values in relation to controls in the frontal and parietal regions, as well as the whole network, suggesting an incipient imbalance in the DMN activity even in the aMCI phase.
Using rsfMRI ALFF analysis, we found abnormal functional activity in mild AD patients in the PCC region, a region known to be key in the DMN. The DMN is already known as a brain system much like the motor or the visual systems, which contains a set of interacting brain regions that are functionally tightly connected and distinct from other systems within the brain. This network is more active during passive tasks than during goal-directed tasks, and is highly associated with reminiscence of past experiences, planning, and autobiographical episodes (Mazoyer et al., 2001 ). In particular, regions within the DMN show reduction of metabolic activity and atrophy in AD patients (Zhu et al., 2013) , and are among the earliest to show abnormal amyloid deposition (Mintun et al., 2006) .
Within this context, it is not surprising that the PCC of AD patients showed decreased ALFF values relative to controls, similarly to previous studies (Xi et al., 2012) , and may be a reasonable explanation for the cognitive deficits presented in the disease. Interestingly, however, the cognitive scores did not correlate with ALFF values at all, contradicting previous studies Liu et al., 2014a; Wang et al., 2011) , but only with the connectivity values instead. One possible explanation for our results is that PCC ALFF values are altered in mild AD patients, either due to abnormal amyloid deposition, synaptic dysfunction, or metabolic changes, which leads to a disconnection with the parietal and frontal regions (and the latter causes cognitive problems). Therefore, our results indicate that the cognitive decline in mild AD patients is associated with disrupted functional connectivity between the two main hubs of the DMN, the frontal and the PCC regions, as previous studies have reported (Zhang 2009 (Zhang , 2010 . Therefore, rather than the amplitude of DMN regions, the temporal synchrony of them-especially the frontal/PCC connection-is critical for normal cognitive functioning.
Another interesting finding of our study was the association between functional connectivity and ALFF scores, especially in the PCC. Very little is known about the influence of the ALFFs on functional connectivity measures, but a recent study with the healthy elderly population showed that they are in fact related to each other (Di et al., 2013) . Likewise, our results showed that the functional connectivity is associated with values of local fluctuation amplitude also in AD. For instance, demented patients exhibited lower ALFF values in the PCC, which in turn was associated with the connectivity with the frontal, parietal, and PCC subareas. In other words, we could suppose that a diminished intrinsic activity in the PCC could lead to a lower connectivity of this area with the frontal and parietal subareas. Also, the parietal ALFF value (although not being statistically lower in AD) had a relationship with the diminished connectivity of the PCC and parietal subareas. Again, we could suppose that the PCC is a core region, important for maintaining the connectivity with many regions, and intrinsic abnormalities in this region may cause disconnection to many others.
There are limitations in the current work that must be highlighted. Because we did not evaluate AD biomarkers (betaamyloid or total and phosphorylated tau), our aMCI patients may not necessarily be AD converters. This may explain our failure to detect an altered functional connectivity in this group. The replication of our findings longitudinally and the evaluation of AD biomarkers may produce better results.
Conclusions
In the present work, we found that aMCI subjects are characterized by a decrease in intrinsic functional activity in the medial temporal lobe, whereas the dementia stage is characterized by decreased activity in the PCC. Also, the regional BOLD signal amplitude is related to the functional connectivity of some areas, and alteration in the ALFF values of specific regions (such as the PCC) is related to disruption of the synchrony with the frontal and parietal areas. Finally, the cognitive decline observed in mild AD patients is modestly associated with disrupted functional connectivity of some regions (especially the frontal), rather than the intrinsic activity of them. These findings give us some evidence that AD is, among other physiopathological features, a disconnection syndrome.
